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Abstract The applications of conducting organic polymers
in combination with semiconductor oxides are promising
candidates as active materials for air-stable hybrid electronic
applications such as transistors, light emitting diodes or or-
ganic photovoltaics. In this work, we report our last results
on the application of SnO2 thin films in all solid-state hybrid
solar cells. We also compare the results with other five so-
lar cells developed in our laboratories applying MEH-PPV
and semiconductor oxides like TiO2, Nb2O5, ZnO, CeO2 or
CeO2–TiO2. In this work, SnO2 thin films, obtained from
sol–gel solutions, have been applied in HSC in a configu-
ration ITO/SnO2 thin film/MEH-PPV/Ag. The effects of fac-
tors, such as UV light, polymer thickness, stabilization in
the dark and performance under irradiation conditions, have
been investigated. Open circuit voltage and short circuit cur-
rent values were about −0.45 V and 0.17 mA/cm2, with fill
factors around 30%. Photoaction spectra show the activity of
the semiconductor oxide below 340 nm and about 490 nm
for the polymer. Lifetime behavior of the HSC showed an
initial increase in current density reaching a maximum after
about 1 h of irradiation. Blocking the UV-wavelength range
by the application of a filter showed no significant difference
in HSC properties with respect to the sample without UV fil-
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ter. Comparison with other 5 semiconductor oxides revealed
a direct relation between semiconductor oxide applied and
Voc from the solar cell.
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1 Introduction
The application of conducting organic polymers (COPs) in
organic electronics is based on their ability to transport,
emit or absorb light under specific conditions [1]. Thus,
we can find COPs as part of the active layer of electronic
devices such as transistors, LEDs or solar cells. In or-
ganic photovoltaic (OPVs) devices, COPs have been part of
extensive research work, specially the combination of
poly(3-hexylthiophene) (P3HT) and the C60 derivative
([6, 6]-phenyl-C61-butyric acid methyl ester) PCBM which
has shown excellent PV properties with efficiencies beyond
5% [1–4]. The potential of OPVs resides in their low cost,
not because of the low price of the materials applied, but
due to the printing techniques applied for their fabrication
[4]. Among the challenges to overcome for this technology
are the improvement of solar cell efficiency and lifetime.
Lifetime limitation resides in the degradation of the organic
semiconductors due to the presence of oxygen or moisture
from the atmosphere [5–7], thus encapsulation of these de-
vices is a requirement [7]. Several attempts have been made
in order to find new electron transport materials with bet-
ter transport properties and higher stability towards oxygen.
In this respect, semiconductor oxides emerged as an attract-
ing alternative to replace PCBM in OPVs due to their ap-
pealing properties. Besides lower cost these oxides are wide
bandgap materials able to accept electrons effectively. Fur-
thermore, recent studies have shown the possibility of semi-
conductor oxides to work under ambient atmospheres when
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they are used in direct contact with conducting organic poly-
mers in a electronic devices like solar cells [8–12] or more
recently as air-stable OLEDs [13, 14].
We have recently analyzed different semiconductor ox-
ides in HSC [8–12] and have documented a fine interaction
between the semiconductor oxide and oxygen from the at-
mosphere. In an effort to broaden our knowledge on the
interaction of these systems with air, we present here our
results on the application of thin films of SnO2 as elec-
tron acceptor in HSC. Analyses of the interaction of SnO2
with conjugated polymers have been limited to a funda-
mental level [15–17], and other studies reported that the
electron transfer from MEH-PPV to SnO2 is energetically
favorable and can be photoinduced [15]. Although, these
processes are known to be slower than for TiO2 (800 fs
vs. less than 100 fs) the advantage for SnO2 utilization is
based on a more favorable position of its conduction band
[15]. It is also known that the electron transfer rate from
the polymer MEH-PPV and the SnO2 is on the order of mi-
croseconds, yielding a possible candidate to construct HSCs
[15]. Finally, the application of nanocrystalline thin films
rather than isolated nanoparticles could be advantageous, as
it increases the ability of the semiconductor to transport the
charge to the electrode through the connected inorganic net-
work [16]. We present in this work HSCs applying a device
configuration of ITO/SnO2 thin film/MEH-PPV/Ag. We an-
alyzed the effect of polymer thickness and solar cell per-
formance by I–V-curves, photophysical analyses, and espe-
cially lifetime studies. A brief discussion on the applica-
tion of different semiconductor oxides already studied in our
laboratories and their comparison with SnO2 are also pre-
sented.
2 Experimental
2.1 Materials
MEH-PPV was synthesized as described in [8–12]. In-
dium tin oxide (ITO) substrates were purchased from Delta
Technologies, Lt. (U.S.A.). The substrates dimensions were
25 × 50 × 1.1 mm (coated on one surface, Rs = 10 ohms ±
5 ohms), and substrates were etched and prepared following
a method described earlier [8–12]. Once etched, the sub-
strates were washed with acetone and ethanol in an ultra-
sonic bath for 10 min, respectively. SnCl2 2H2O and ab-
solute ethanol were obtained from Panreac and used as re-
ceived.
2.2 Preparation of SnO2 thin films
Tin oxide sol precursor was prepared by dissolving 13.5 g
of SnCl2 2H2O (5.98 × 10−2 mol) in 100 ml of absolute
ethanol and then refluxing during 2.5 h [18]. This so-
lution was allowed to cool to room temperature, filtered
and spin coated on top of ITO substrates. The as-prepared
films were annealed at 450◦C for two hours to completely
oxidize the precursor and induce the crystallization of
SnO2.
2.3 Polymer photovoltaic preparation and characterization
The ITO/thin film semiconductor oxide substrate was first
subjected to 100◦C for 10 min to eliminate any possi-
ble absorbed water on the surface. The substrates were
then cleaned with chloroform (via spin coating) and then
a microfiltered MEH-PPV polymer solution (0.45 µm pore
size) from chlorobenzene was spincoated at 1000 rpm or
1500 rpm on top of the ITO/semiconductor oxide sub-
strates. The absorbance of the spincoated polymer films
was controlled to be about 1.0 absorbance units unless
otherwise specified. The active area of the devices was
3.2 ± 0.1 cm2. Silver electrodes were thermally evaporated
onto the polymer film at a pressure of <10−5 mBar though
a mask. The device was mounted using conductive silver
epoxy glue for the electrical contacts. Final device config-
uration was ITO/SnO2thin film/MEH-PPV/Ag. The positive
terminal of the Keithley Sourcemeter was attached to the
glass/ITO/oxide, and the negative terminal was attached to
the metal electrode. This deliberate choice was made in or-
der to distinguish the function of the transparent conducting
oxide (TCO) and metal electrode as compared to traditional
polymer photovoltaics where the TCO is the hole collector
and the metal is the electron collector. Samples were then
analyzed in the ambient atmosphere. As a measure of the
decay we recorded the short circuit current (Jsc) as a func-
tion of time during illumination since the efficiency of the
device and Jsc are linked as described earlier. Values of Voc
and Jsc were measured for the devices under ambient con-
ditions and finally I–V-curves, action spectra and solar de-
cay analyses were determined in that order for the devices.
The wavelength dependence of the photovoltaic response
was characterized using a set-up described earlier [8–12],
and the photovoltaic response under AM1.5 simulated sun-
light was performed using a SolarConstant 575 from Steuer-
nagel Lichttechnik GmBH, Germany. The spectral distri-
bution and quality of the solar simulator were monitored
following the ASTM E927 standard recommendations us-
ing a spectrometer from AvaSpec 2048 from Avantes, and a
Precision Pyranometer from Eppley Laboratories was used
to monitor the total power that was set to 1000 W m−2 in
all experiments. Polymer film thicknesses were analyzed by
AFM.
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3 Results and discussion
3.1 General characterization
Figure 1 shows the grazing incidence X-ray diffraction
analysis of the SnO2 thin film applied as electron acceptor
for the hybrid solar cells reported in this work. For com-
parison purposes the diffractogram of the ITO, [91(In2O3) :
9(SnO2)], substrate is also shown. These results confirm the
correct formation of SnO2 on the ITO substrate.
HSCs applying semiconductor oxides are stable in am-
bient atmospheres, and have been shown to stabilize and
improve PV properties after storage in the dark under am-
bient atmosphere conditions [8–12]. Usually a few hours
up to a couple of days is required for these solar cells to
reach maximum performance. Storage in the dark in air can
be made for several months, even years (up to 1.5 years
in our laboratory) without significant degradation of pho-
tovoltaic properties. Thus, the HSCs analyzed in this work
were stabilized in the dark for 1 h and 24 h under ambi-
ent atmosphere conditions before analyses. Figure 2 shows
the I–V-curves carried out to HSCs applying two polymer
thicknesses of 90 nm and 110 nm. In order to obtain differ-
ent thicknesses, the same MEH-PPV polymer solution was
coated on top of the SnO2 layer at different spin coating
Fig. 1 Grazing incidence X-ray diffraction analysis of the SnO2 thin
film semiconductor oxide synthesized on ITO from sol–gel solution
(diffraction angle 0.3 degrees). For comparison proposes the diffrac-
togram of the ITO, [91(In2O3) : 9(SnO2)], substrate is also shown
speeds. The use of 1500 rpm resulted in a 90 nm poly-
mer thicknesses, while the spin coating velocity fixed at
1000 rpm gave polymer films of 110 nm. Figures 2(a) and
2(b) show the I–V-curves obtained for devices with polymer
thicknesses of 90 nm and 110 nm, respectively. We observed
a small difference in shape between both graphs but, in gen-
eral, both HSC showed almost the same Voc and Jsc values
around 0.3 V and 0.15–0.2 mA/cm2; FFs were also in the
Fig. 2 I–V-curves for a hybrid solar cell (HSC) of the type
ITO/SnO2 thin film/MEH-PPV/Ag with polymer thickness of
(a) 110 nm, (b) 90 nm. Both cells were stabilized in the dark under
ambient atmospheres for 1 h. (c) HSC stabilized for 24 h in the
dark undercambient atmosphere, polymer thickness of 90 nm. HSCs
measured in ambient atmosphere with AM1.5 spectral distribution and
1000 W/m2. Active area is 3.2 ± 0.1 cm2
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same 26–28% range, as expected due to the similarity of the
polymer thickness. These similar results show that a differ-
ence of 20 nm in polymer thickness between layers is not
enough to produce meaningful effects on photovoltaic per-
formance. Thus, a polymer thickness of 90 nm was chosen to
study the HSC photovoltaic properties after the device was
stabilized in the dark for 24 h. The HSC (90 nm polymer
thickness), shown in Fig. 2(c), revealed that a 24 h period
of stabilization in the dark improved Voc values from 0.3
to 0.5 V, while Jsc was observed to be on the same range
as before stabilization. The Voc and Jsc values observed af-
ter stabilization were 0.5 V and 0.18 mA/cm2, respectively,
with a FF of 33%. As already reported for other HSC ap-
plying semiconductor oxides, we have attributed this behav-
ior to the oxygen requirement of the semiconductor oxide
[8–12]. It has been reported that a small oxygen loss from
the semiconductor oxide structure can reduce and modify its
photoconductivity properties [19], a condition that is present
in our HSC during electrode evaporation which takes place
under high vacuum conditions (1 × 10−6 mbar). In the case
of SnO2, however, this effect could also be influenced by
its high sensitivity to different atmospheres [20]. Complete
lifetime studies showed only 8 h of lifetime before device
degradation.
3.2 Photophysical analyses
Photophysical analyses performed to the HSCs applying two
polymer thicknesses are shown in Fig. 3(a) (labeled as I
and II). For comparison purposes the UV–VIS spectra of the
MEH-PPV polymer are also shown (Fig. 3(b)). The shape of
the polymer spectra and that of the photoaction spectra of the
HSC are similar, which suggests that the absorption of the
polymer MEH-PPV is mainly responsible for the photocur-
rent generation in the cell. Moreover, the absorption band
below 350 nm corresponds to the contribution of SnO2.
A comparison of the absorption spectra of the MEH-
PPV polymer (Fig. 3(b)) with the maxima of the photoac-
tion spectra reveals a shift in the position of the wavelength
band which corresponds to the MEH-PPV polymer. This
shift has been observed in our HSCs independently of the
thin film semiconductor oxide applied [10]. The presence
of a blue shift in the action spectra has been observed be-
fore as an indication of the formation of a charge transfer
complex (CTC) between the polymer and oxygen from the
atmosphere as already reported [10]. Nevertheless, the pho-
toaction spectra shown in Fig. 3(a) indicate a shift towards
the UV–VIS (lower wavelengths) invalidating the possible
formation of a CTC. The observed shift has been attributed
to thin film interferences as also observed for other HSC ap-
plying other semiconductor oxides [8–12].
Fig. 3 Photophysical analyses of a hybrid solar cell of the type
ITO/SnO2 thin film/MEH-PPV/Ag with two different polymer thick-
nesses (aI) 110 nm and (aII) 90 nm. For comparison purposes we show
the UV–VIS absorbance spectra of the MEH-PPV (b). Active area is
3.2 ± 0.1 cm2
3.3 Effect of UV-light
A well-known property of semiconductor oxides, like SnO2,
is their ability to absorb in the UV-wavelength range. The
major advantage observed for SnO2 is its electron affinity
when compared with one of the best oxides, TiO2 (CB edge
TiO2 : −4.2 eV vs. vacuum, and SnO2 : −4.77 eV vs. vac-
uum) [21, 22]. Thus, we seek to understand if the degrada-
tion of the polymer observed when semiconductor oxides
are applied in HSC as reported earlier [18, 22] can be re-
duced by the application of SnO2 thin films, also to ana-
lyze its effect on overall solar cell performance. With this in
mind, we carried out I–V-curve analyses of the HSC apply-
ing SnO2, under conditions of light and under ambient at-
mosphere. By blocking the UV-light (applying a UV-filter)
we were able to analyze the effect of the SnO2 on the per-
formance of the HSC.
A decrease in current density is expected during the ap-
plication of the filter since a part of the UV-wavelength
range at which the semiconductor is excited accounts for
overall solar cell photocurrent. Nevertheless, unimportant
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Fig. 4 I–V-curves performed to an HSC of the type
ITO/SnO2/MEH-PPV/Ag under ambient atmosphere: (a) dark,
(b) with a UV filter (<400 nm), and (c) without a UV filter. Samples
were stabilized in the dark under ambient atmosphere conditions
before analyses. HSCs measured in ambient atmosphere with AM1.5
spectral distribution and 1000 W/m2. Active area is 3.1 ± 0.2 cm2.
Polymer thickness is 110 nm
changes were observed on the I–V-curves as observed
in Figs. 4(b) and 4(c). Almost the same voltage, about
−0.32 V, and current densities between 0.14 mA/cm2 and
0.17 mA/cm2 were observed when the samples were ana-
lyzed with and without filter, respectively. The latter could
indicate that the application of SnO2 could be a good choice
as electron transport material which neglects or decreases
the degradation of the MEH-PPV polymer during irradia-
tion under ambient atmospheres. In order to prove the latter,
we carried out analyses of the HSC under long-term irradia-
tion as described in the following section.
3.4 Stability under long-term irradiation
Stability analyses under constant irradiation conditions
(1000 mW/cm2) were performed to HSC of the type
ITO/SnO2 thin film/MEH-PPV/Ag after the solar cell was
stabilized in the dark. As shown in Fig. 5, we observed
an initial increase in current density from 0.13 mA/cm2 to
about 0.18 mA/cm2 in less than 1 hour. This improvement
is characteristic of HSC applying thin film semiconductor
oxides and has been linked to the re-adsorption of oxygen
from the atmosphere into the semiconductor oxide during
irradiation [8–12]. After reaching a maximum, Jsc stabi-
lized and decreased steadily with time. This behavior is ob-
served in all semiconductor oxides, and, in the case of HSC
applying SnO2, it was observed that the degradation was
worse (faster degradation) than with Nb2O5 or TiO2, CeO2
or CeO2–TiO2 as can be seen from our previous work [8].
Only ZnO has been observed to degrade the polymer faster
than SnO2.
Fig. 5 An increase in Jsc observed during the first hour
of solar decay analyses carried out to an HSC of the type
ITO/SnO2 thin film/MEH-PPV/Ag. HSCs measured in ambient at-
mosphere with AM1.5 spectral distribution and 1000 W/m2. Active
area is 3.2 ± 0.1 cm2. Polymer thickness is 110 nm
3.5 Comparison of SnO2 with TiO2, Nb2O5 and ZnO thin
films
Finally, we would like to compare the response of HSC ap-
plying different thin film semiconductor oxides as analyzed
before in our laboratory, TiO2, Nb2O5, ZnO, and CeO-base
oxides [8–12], and the one presented in this work apply-
ing SnO2. In general, we have observed that the voltage of
the HSC is dependent on the type of semiconductor oxide
applied. The highest Voc and Jsc have been observed for
HSC applying TiO2 and Nb2O5 (about −0.7 V) followed by
SnO2 with −0.5 V, ZnO with Voc of about −0.3 V, and on
the positive side CeO2 with a value of +0.12 V and CeO2–
TiO2 with a value of +0.42 V as shown in Table 1.
Similarities between HSCs are observed also on all I–
V-curves which are characterized by low fill factors (never
higher than 44%). This could be an indication of high in-
ternal resistances and leakage currents present in these sys-
tems, usually observed in devices with high recombination
problems. Current leakages could come from the inhomo-
geneity of the oxide thin film or due to their thickness that
are not more than a couple of tenths of nanometers (between
15 and 30 nm thick). In all cases, the degradation of the
polymer with time and the decrease of photovoltaic prop-
erties have been inevitable when the HSC had the configu-
ration applied in this work. The time it takes to degrade the
polymer depends on the semiconductor oxide applied as fol-
lows (from the oxide showing the fastest degradation to the
slowest): ZnO > SnO2 > Nb2O5 > TiO2 > CeO2 > CeO2–
TiO2.
4 Conclusions
Our results show the possibility to apply SnO2 thin films
as electron acceptors in HSC. Current densities of about
254 J.A. Ayllon, M. Lira-Cantu
Table 1 Performance of HSCs applying thin film semiconductor oxides and the MEH-PPV polymer as reported in this work and in [8–12]
Semiconductor oxide Bandgap Stabilization time (h) Jsc Voc FF
(mA/cm2)c (V)d (%)
TiO2 3.0–3.2 [23, 24] 2 0.42 ± 0.02 −0.74 ± 0.06 0.30 ± 0.03
Nb2O5a 2.3–3.4 [25] 48 0.28 ± 0.11 −0.64 ± 0.12 0.40 ± 0.04
Nb2O5b 2.3–3.4 [25] 48 0.34 ± 0.05 −0.40 ± 0.02 0.36 ± 0.03
SnO2 3.1–3.0 [23] 1 0.20 ± 0.06 −0.50 ± 0.01 0.33 ± 0.03
ZnO 3.2–3.3 [28, 29] 2 0.30 ± 0.02 −0.38 ± 0.04 0.35 ± 0.05
CeO2 3.0–3.2 [30–32] 120 0.004 ± 0.05 +0.12 ± 0.06 0.25 ± 0.04
CeO2–TiO2 3.2–3.6 [26, 27] 50 0.007 ± 0.03 +0.42 ± 0.07 0.32 ± 0.05
aITO substrates on aluminosilicate glass
bITO substrates on sodalime glass
cAt maximum Jsc
dVoc at the beginning, before stabilization. Active area is 3.3 ± 0.2 cm2
∼0.17 mA/cm2, Voc of ∼0.45 V, and 33% fill factors were
achieved. Our HSC showed that an improvement in Voc
and fill factors can be obtained after the device is sub-
jected to a stabilization period in the dark under ambi-
ent atmospheres. We have compared our results with other
HSC applying different semiconductor oxides: TiO2, Nb2O5
and ZnO, and found similar trends in photovoltaic behav-
ior. We have suggested that this type of HSCs requires
modification of device configuration to reach better perfor-
mance and polymer stability. Nevertheless, the application
of thin film semiconductor oxides in related electronic ap-
plications, such as hybrid transistors or hybrid OLEDs, is
possible.
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